Abstract
Introduction
Mercury originating from nuclear fuel and weapons production and disposal, fossil fuel combustion and industrial processes is a major environmental pollutant that exists in air, soil and groundwater. Mercury is particularly dangerous since it can bio-accumulate within the food chain and lead to irreversible neurological disorders and other health related problems.
Current laboratory techniques that are used to detect mercury require a variety of elaborate separation strategies in conjunction with chromatographic, electrochemical or spectroscopic methods [ 1-61. Although these techniques are sensitive, they are not appropriate for in situ monitoring, and typically samples must be collected and shipped to a central processing facility for analysis.
The most relevant work that has been done which might lead to a portable, in situ mercury sensor has utilized either chemiresistive or acoustic wave technology. McNerney et al [7] demonstrated that the resistance of a thin gold film changes upon exposure to mercury due to the formation of a mercury-gold amalgam. This chemiresistive sensor later led to a commercial sensor produced by Jerome Instruments [8] . This type of sensor utilizes a very thin gold film and has a limited dynamic range. Bristow [g] and, later, other investigators [ 10-161 demonstrated that a gold-coated quartz crystal microbalance (QCM) could also be used to detect mercury. In this configuration the resonant frequency of the QCM changes due to the added mass of mercury on the gold film. The major drawback of the QCM mercury sensor, however, is its relatively low sensitivity. Sauberlich et al [ 171 proposed a design for a SAW-based sensor for mercury. An extensive examination of the literature, however, has not revealed any published data regarding this particular sensor design.
In the present paper, a SAW-based sensor which can potentially meet these requirements is presented. The device consists of a 261 MHz surface acoustic wave (SAW) dual delay line oscillator employing a 28" rotated Y-cut (RYC) quartz substrate and a 400A gold sensing film deposited upon one delay path. The other delay line is used as a reference to cancel extraneous environmental effects such as temperature fluctuations. Gaseous mercury readily amalgamates with the gold film, thus increasing its mass. Because the SAW is sensitive to mass changes, the difference frequency between the sensing and reference delay line oscillators becomes a sensitive measure of total amalgamated mercury. The sensor is shown in Figure 1 . 
/-

Theory
The behavior of the proposed SAW mercury sensor can be modelled using simplified perturbation theory [l 81. This method results in a simple closed-form expression describing SAW frequency fluctuations due to perturbations of the mechanical and electrical properties of an overlay film.
In the case of the SAW mercury sensor, it can be assumed that electrical perturbations to the gold film have a negligible effect on the device frequency. The primary reason for this assumption is that the SAW is sensitive to electrical property changes only over a certain range of film sheet conductivity (about 10" to IO-* Siemens for most SAW substrates) [19] . Because the gold film acts like a short circuit, its conductivity is well out of this range. Hence, small changes in film conductivity will not perturb the sensor operating frequency. Mechanical perturbations that may affect the SAW include chaages in film mass, elasticity, and viscosity. However, because the mercury-gold interaction takes place only at the surface of the film, elasticity and viscosity changes will not be as dominant as mass changes and, hence, will be neglected.
Assuming only film mass perturbations, the fractional change in frequency of the SAW delay line can be written as follows,
where f is the nominal operating frequency of the device, K is the fractional coverage of the gold film (i.e. the fraction of the entire center-tocenter distance of the SAW delay line that is coated with gold), k, are the normalized surface particle velocities in the x, direction, Am is the change in mass, and A is the area of coverage. In Figure 2 this relationship is plotted for the sensing element used in this work. 3. Experimental Setup The prototype sensor designed and utilized in this work is shown in Figure 3 . The sensor consists of the SAW dual delay line sensing element described earlier, a serpentine microheater and thermocouple for temperature control, as well as all of the RF electronics required to maintain oscillation and provide a readable output. The combination of the thermocouple, heating element, and a computer data acquisition system allow temperature to be controlled with high precision. Figure  4 shows experimental data of a typical temperature profile of the sensing element during a test.
The set point temperature is reached within 5 minutes and can be maintained within O.O5"C, as shown in Figure 5 . The sensor has been designed for use over a range of temperatures from 25°C to 250°C. 28" RYC quartz is used as the SAW substrate because its turnover temperature (where it exhibits zero temperature coefficient of frequency) is in the middle of this range, thus providing better temperature compensation over the whole range than more conventional substrates, such as ST quartz [20] . The gold film on the sensing delay path acts to lower the turnover temperature of that delay line. Therefore, an aluminum film is deposited onto the reference delay line to match its turnover temperature to that of the sensing delay line. The results are plotted The generation and delivery of gaseous mercury to the sensor is accomplished using a permeation injection source, an oven, and a system of valves and mass flow controllers, as shown in Figures 8 and 9 . The permeation injection source is maintained at 100°C in an oven. At this temperature, the source outputs mercury at a rate of 740 nanograms/minute. Dry nitrogen flows into the oven, through a glass bead heat exchanger, past the permeation injection source. Thus, by varying the flow rate of nitrogen through the tube, the mercury can be diluted to a particular concentration. A duplicate of this setup, without the permeation injection source, is used to deliver nitrogen without mercury. A pair of threeway valves is used to direct one of the two gas streams through the sensor. 
Experimental Results
The response of the prototype sensor to repeated exposures of 100, 300 and 500 ppb at 25°C is shown in Figure  10 . When operated at room. temperature, the amalgamation process is essentially irreversible. Almost all of the mercury that comes into contact with the film sticks to it indefinitely, until the film becomes saturated. At this point the film can be regenerated by heating it to a high temperature (i.e. 300°C) for a few minutes to drive off the mercury. (This is the reason for the frequency spike during the first 15 minutes of the exposures of Figure IO) . Figure 10 . Response of the prototype sensor to repeated exposures of 100,300, and 500 ppb mercury at room temperature.
At 25°C the sensor difference frequency changed by about 18.5 kHz (71 ppm) after 2 hours of exposure at 500 ppb. This corresponds to a mercury uptake of about 8 nanograms. With a total of 89 pg of mercury having passed by the device during that period of time, this corresponds to a collection efficiency of 0.009%.
Because the pre-saturation response is basically the integral of the concentration, the response can be differentiated to measure concentration. The average response slope during the first ten minutes of exposure at 25°C is plotted for 100, 300 and 500 ppb in Figure 1 1, The response is linear with a slope of about 1.1 Hdmin-ppb. Looking carefully at Figure 10 , one can see that even at room temperature some mercury desorption occurs as the film approaches saturation. As stated earlier, at high temperatures (i.e. 300°C) this phenomenon occurs much more rapidly and completely. The desorption rate is governed not only by the operating temperature, but also by the amount of mercury already amalgamated. In other words, the more mercury that has accumulated on the film, the quicker the desorption rate. (This accounts for the "exponential decay" shape of the desorption curves in Figure 10) . Meanwhile, the rate of amalgamation is governed by the rate at which mercury molecules come into contact with the film, which is directly proportional to the concentration of the mercury in the gas. Therefore, at temperatures somewhere between 25 and 300"C, the rate of desorption is moderate and can exactly balance the rate of amalgamation. The equilibrium value of amalgamated mercury at any time then becomes a direct measure of the mercury concentration. This is demonstrated experimentally at 200°C in Figure 12 . Rather than measuring response slope and worrying about film saturationhegeneration, the response magnitude now becomes a direct measure of gas concentration, and no film regeneration is required. The response time of the sensor, when operated in this mode, is about two minutes. The recovery time is about 15 minutes. Figure 12 . Response of the prototype sensor to gaseous mercury concentrations of 100,300 and 500 ppb at 200°C. Figure 13 shows the response magnitude as a function of gas concentration. It is apparent that the sensor does not exhibit the excellent linearity that it did at room temperature. However, it does demonstrate adequate resolution over the range of 0-500 ppb, with resolution increasing at lower concentrations. 
Conclusions
A sensor for the detection and quantification of gaseous mercury has been presented. The sensor is based around a 261 MHz dual delay line SAW oscillator with a gold sensing film. The sensor responds reproducibly to gaseous mercury concentrations from 100 to 500 ppb. When operated at room temperature the sensor acts as an integrating element. The response is a direct measure of the total mercury with which the sensor has come into contact. The derivative of the response, therefore, is directly proportional to the mercury concentration. When operated in this mode, the sensing film eventually becomes saturated and must be regenerated by increasing the temperature. When operated at 20O0C, the sensor response becomes a direct measure of instantaneous concentration, and periodic regeneration of the film is no longer required.
Future work on this sensor will include the examination of sensor response characteristics at other temperatures, the examination of lower concentrations of gaseous mercury, and the examination of the sensor response as a function of the thickness of the gold sensing film. Furthermore, the sensitivity of the sensor will be increased by fabricating the entire sensing interdigital transducer structure out of gold, rather than just a film over the delay path. The reference delay line may also be passivated with glass or silicon nitride to ensure that no mercury is reacting with ths aluminum film.
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